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ABSTRACT 

This paper presents a multiwavelength study of the M8.0 flare and its associated fast halo CME that originated 
from a bipolar active region NOAA 1 0759 on 2005 May 1 3 . The source active region has a conspicuous sigmoid 
structure at TRACE 171 A channel as well as in the SXI soft X-ray images, and we mainly concern ourselves 
with the detailed process of the sigmoid eruption as evidenced by the multiwavelength data ranging from Ha, 
WL, EUV/UV, radio, and hard X-rays (HXRs). The most important finding is that the flare brightening starts in 
the core of the active region earlier than that of the rising motion of the flux rope. This timing clearly addresses 
one of the main issues in the magnetic eruption onset of sigmoid, namely, whether the eruption is initiated by 
an internal tether-cutting to allow the flux rope to rise upward or a flux rope rises due to a loss of equilibrium 
to later induce tether cutting below it. Our high time cadence SXI and Ha data shows that the first scenario is 
relevant to this eruption. As other major findings, we have the RHESSI HXR images showing a change of the 
HXR source from a confined footpoint structure to an elongated ribbon-like structure after the flare maximum, 
which we relate to the sigmoid-to-arcade evolution. Radio dynamic spectrum shows a type II precursor that 
occurred at the time of expansion of the sigmoid and a drifting pulsating structure in the flare rising phase in 
HXR. Finally type II and III bursts are seen at the time of maximum HXR emission, simultaneous with the 
maximum reconnection rate derived from the flare ribbon motio n in UV. W e interpret these various observed 
properties with the runaway tether-cutting model proposed by M oore et al.l in 2001 . 

Subject headings: Sun: activity — Sun: flares — shock waves — Sun: radio radiation — Sun: UV radiation 
— Sun: X-rays, gamma rays — Sun: coronal mass ejections (CMEs) 



1. INTRODUCTION 

Magnetic configurations that are favorable for eruption 
have been of recent interest in relation to space weather One 
of the strongest candidates is the so-called sigmoid, an S- 
shaped magnetic field struc ture as seen in soft X-r ays (SXRs). 
It was first investigated by iRust & Kumad (Il996h who found 
that many large SXR brightenings associated with Ha fila- 
ment eruptions and coronal mass ejections (CMEs) had the 
sigmoidal shape. Several authors claimed that when active 
regions are in the sigmoid configuration, a higher probabil- 
ity of eruption to produce flares and associated CMEs is 
generally expected (.Hudson et al.ll 19981: ICanfield et al.ll 19991: 
lGloveretalJl2000h, and thus a sigmoid is an important pre- 
cursor of a CME teanfieldet al.ll2000h . It was also found 
that a sigmoid often changes, after the eruption, to an ar- 
cade of loops, a pr ocess termed "sigmoid-to-arcade" evolu- 
tion ( Sterling et al.l 12000 ). The sigmoid is now r egarded as 
an im portant signature in space weather forecasts dRust et al.l 
l2005h . Importance of sigmoid structure in coronal energy 
storage and release is als o studied in terms of a flux rope 
model ("Gi bson et al]|2006h . 

A qualitative model for sig moid eruption was proposed 
by iMoore & Labont^ ([1980) and further elaborated by 
iMoore et al.l (1200 IL hereafter. Moore's model), in which a 
magnetic explosion is unleashed by internal tether-cutting re- 
connection between the highly sheared magnetic fields in the 
middle of the sigmoid. This first stage reconnection, which is 
the eruption onset, produces a low-lying shorter loop across 
the magnetic polarity inversion line (PIL) and a longer twisted 



loop connecting the two far ends of the sigmoid. The sec- 
ond stage begins when the formed twisted loop subsequently 
becomes unstable and erupts outward, distending the enve- 
lope field that overarches the sigmoid. The opened legs of 
the envelope field subsequently reconnect back to form an ar- 
cade structure and the ejecting plasmoid escapes as a CME. 
This model features a scenario of flare/CME initiating from 
internal reconnection deep in a bipolar active region, which 
is opposite to the breakout model ( Antiochos,19 98) involv- 
ing multipolar connectivity and initial external reconnection 
in relation to remote br ightenings (see more discussions in 
IMoore & Sterling! 120061 hereafter, MS06). Thus timing of 
initial flare brightening is useful in judging the most rele- 
vant eruption mechanism in the multipolar configuration (e.g., 
lYurchyshyn et alJl2006ah . Although the Moore's model was 
proposed based on and mostly evidenced by the morpholog- 
ical change of flaring magnetic structure, support was also 
found by studying evolution of the photospheric magnetic 
fields around flaring PIL ( Wang 2003). 

To date, active region sigmoids have primarily been 
observed using the Yohkoh Soft X-ray Telescope (SXT; 
iTsuneta et al.lll99n) . implying that they are at temperatures 
of 2 MK and higher. We, however, found that the active 
region NOAA 10759 (N 12, Ell) on 2005 May 13 appears 
in a sigmoid shape not only in SXRs but also in the EUV 
channel 1 71 A of the Transiti on Region and Coronal Explorer 
(TRACE: iHandv et al.lll999l) . The observation of sigmoid in 
EUV means that this structure can be seen at a wider range 
of temperatures down to 1 MK, and more importantly, the 
sigmoidal structure is much more clearly visible thanks to 



Fig. 1 . — Pre- and postflare images from TRACE 171 A channel showing the sigmoid-to-arcade evolution of the c oronal magneti c field in the 2005 May 13 
M8.0 event. "A" and "C" denote the magnetic elbows and "B", envelope loops, following the nomenclature used by Moore et aljj200ll) . a-d denote the footpoints 
of the sigmoidal fields. MDI longitudinal magnetic field is superimposed with the red and green contours representing positive and negative fields, respectively. 
The contour levels are ± 50 G. The field of view is 384" X 384" at N12, Ell. 



the higher spatial resolution (0.5" per pixel) of TRACE than 
that of SXT (2.45" per pixel in full-resolution mode). This 
sigmoid active region spawned a major Sun-to-Earth event 
with a flare classified as 2B/M8.0, an associated fast halo 
CME, and an intense geo magnetic storm on 2005 May 15. 
lYurchvshvn etal] (l2006bl) carried out a detailed study of this 
event to suggest how this sigmoid formed and how its eruption 
was related to the magnetic cloud observed near the Earth. 

In this paper we present a comprehensive study of the 2005 
May 13 event with focus on the eruption process of the sig- 
moid near the sun. In § 2 we summarize the data sets used 
in this study. In § 3, the main results of the multiwavelength 
data analysis are described. We determine the kinematics of 
the eruption in § 4, and summarize the major findings in § 5. 

2. OBSERVATIONAL DATA 

The 2005 May 13 flare started at 16: 13 UT, reached its max- 
imum at 16:57 UT, and ended at -17 UT on May 14 in GOES 
SXR flux, and thus is recorded as a long duration event. The 
event was well covered by many space- and ground-based in- 
struments. 

In addition to the TRACE 171 A channel, the ac- 
tive region EUV sigmoid is also obvious in the 195 A 
images obtained with the EUV Imaging Telescope (EIT; 
iDelaboudiniere et al.l 1995b on the Solar and Heliospheric Ob- 
servatory (SOHO: 'Domingo et an il995h with 5.26" pixel res- 
olution and ^^15 minutes cadence, representing an Fe Xll line 
formed at a temperature around 1.5 MK. Observation of the 
sigmoid in SXR s was made with the Solar X-ray Imager (SXI; 
iHill et al.ll2005h on the GOES 12 satellite using the polyimide 
thin filter sensitive to the coronal temperature at 3.8 MK. We 
removed the instrument point-spread function from the im- 
ages, which have a time cadence ranging from 1^ minutes 
and a pixel resolution of 5". 

The TRACE 1600 A channel covered this event with a 
highest cadence of 3 s during some intervals and 0.5" pixel 
resolution, which is used to study the flare ribbon mo- 
tion in this event. Flare emission observed in the 1600 A 
band comes predominantly from the upper chromosphere and 
transition region and is thought to be produced by a mix- 
ture of particle prec ipitation and thermal conduction (see, 
e.g.. IWarren & W^hall 2001) . The photospheric magnetic 
field of the active region was measured with the Michelson 



Doppler Imager (MDI: 'Scher rer et al.l [19951) on SOHO. We 
also obtained hard X-ray (HXR) lightcurves and images from 
the Reuve n Ramaty High Energy Solar Spectroscopic Imager 
(RHESSI; iLin et al.ll2002l) to explore the high energy release 
in this event. 

Full-disk and high-resolution Ha images were obtained at 
the Big Bear Solar Observatory (BBSO) by the 20 cm and 
25 cm refractors, respectively. We used Ha images with pixel 
resolution of '--^0.6" to monitor the evolution of the active re- 
gion filament during this event. 

Radio observations of this event were made at the Owens 
Valley Solar Array (OVS A), the Ondfejov radiospectrograph 
dJificka et al.l Il993h . the Tremsdorf Solar Radi o Observa- 
tory o f the Astrophysical Institute (AI) Potsdam (Mannetal] 
|1992|) . and the Green Bank Sola r Radio Burst Spectrome- 
ter (GBSRBS; I White et all 1200 6'). All these data are digi- 
tally recorded. The Ondfejov data covered the whole event 
at 0.8-2.0 GHz and only the eai'ly phase at 2.0^.5 GHz with 
0.1 s time resolution. The AI Potsdam instrument consists 
of swept-frequency spectrographs in the ranges 40-90, 100- 
170, 200^00, and 400-800 MHz, with a sweep rate of 10 s"' . 
There are, however, data gaps in 100-170 and 400-800 MHz 
ranges during this event. The GBSRBS data used in this study 
were obtained with its low frequency system composed of a 
stand-alone active dipole that operates at approximately 20- 
70 MHz with 1 s sampling cadence. 

A full-halo CME associated with this event was detected by 
the Large Angle and Spectrometric Coronagraph (LASCO; 
iBrueckner et al.lll995b on SOHO. Due to the failure of the 
LASCO/EIT Electronics Box, only one C2 and one C3 full- 
frame images were recorded to show the halo CME. By com- 
bining three other C3 partial frames, we managed to follow 
the CME development in the southwest direction. 

3. RESULTS AND ANALYSIS 

In this section, we describe major observational features 
found in all data sets. In specific, we present the sigmoid 
structure and its evolution observed at EUV and SXRs, chro- 
mospheric filament, CME and associated coronal dimmings 
in WL and EUV, respectively, eruption signatures in radio dy- 
namic spectra, and finally ribbon motions in UV and HXRs. 
We also interpret the results and discuss their implication un- 
der the context of the Moore's model whenever a plausible 
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Fig. 2. — Time sequence of SXI SXR images (upper three rows) sliowing the evolution of the sigmoid that exhibits three stages (see discussion in § 3.1.2). 
Lower three rows are the running difference images. The outermost fronts of the southwest elbow are outlined to show its expansion, with crosses denoting the 
measured positions at ~238°. The field of view is 700" X 700". West is to the right and solar north is up. 



comparison can be made. 

3.1. Morphological Evolution of Sigmoid 
3.1.1. Sigmoid in EUV Images 

We show, in Figure [T] TRACE 171 A images taken just 
before the event (16:08 UT, left panel) and in the postflare 
state (20:43 UT, right panel). The superposed contours are 
longitudinal fields measured with the MDl magnetogram, 
which show that this is a bipolar active region consisting of 
a main round sunspot at the leading side with positive mag- 
netic polarity and a trailing part of negative polarity. The pre- 
flare TRACE EUV image exhibits a very symmetric sigmoid 
rooted at four footpoints denoted as a-d without ambiguity, 
unlike the much less obvious SXR sigmoids in many cases 
(see examples in lSterling et al.ll2000 ). Following the nomen- 
clature in the Moore's model, we denote the two oppositely 
curved magnetic elbows as "A" and "C", each of which links 
one polarity to the other (for more details on the magnetic 
configuration see Yurchyshyn et al. 2006b). They loop out on 
opposite ends of the PIL to form a typical sigmoid. In the 
middle of the sigmoid, its legs are clearly seen to be highly 
sheared along the PIL. The envelope field (denoted as "B") is 
much less sheared and extends outward, possibly overarching 
and tying down the sheared core field. After the eruption, the 
sigmoidal field changed to loops of an arcade, thus exhibit- 
ing the sigmoid-to-arcade evolution. Since the active region 
is located very close to the disk center, the images in this fig- 



ure serve as a top view of the pre- and postflare configura- 
tions, and they coincide with tho se dep icted in the Moore's 
model (see Fig. 1 of lMoore et ani2001l) . In TRACE images, 
this sigmoid shape coul d be seen even fo ur hours before the 
flare/CME (c.f. Fig. 6 of ! Yurchyshyn et a l. 2006b) and the two 
magnetic elbows became more obvious as nearing the flare 
time. A similar evolution of the sigmoid can also be seen in 
the EIT 195 A images, at a lower spatial resolution. 

3.1.2. Sigmoid in SXR Images 

We re-check the sigmoid structure with the SXR images 
from SXI that cov er the fl are impulsive phase missed by 
TRACE. In view of lMS06l it is necessary to investigate the 
eruption process with a sufficiently high cadence, because the 
relative timing of initial flare brightening to flux rope motion 
is critical to identify of the triggering mechanism. We take ad- 
vantage of the favorable location of the event and a good ca- 
dence of SXI images to trace the sigmoid eruption process in 
detail. Figure|2]shows the time sequence of SXI images across 
the flaring interval in the upper three rows and their running 
difference images in the lower three rows. We describe the 
sigmoid evolution in three distinct stages as follows. 

Stage 1: From the first row ofFigure|2](~16:18-16:27UT), 
we can see that the flare core get gradually brighter at begin- 
ning of the event, which is more clearly visible in the differ- 
ence images. We identify this brightening with the onset of 
the core reconnection, which indicates that the eruption be- 
gins with the internal reconnection between sheared fields in 
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the middle of the sigmoid. This point is corroborated by the 
chromospheric flare ribbon emission discussed in § 3.4. 1 (also 
c.f. FigO. 

Stage 2: The images in the second row show the loop ex- 
pansion/rising phase (^16:30-16:39 UT). Two magnetic el- 
bows lying northeast and southwest of the active region be- 
gin to expand outward, which is again more clearly visible in 
the difference images. The southwestern elbow evolves obvi- 
ously with the outermost fronts outlined. The expansion mo- 
tio n of sigmoid elbows was also observed in the events studied 
bv lMoor e et al.l (2001 ) and interpreted as the beginning of the 
ejective eruption. 

Stage 3: The third row shows the explosion phase (after 
^16:39 UT), in which the large-scale loops in both northeast 
and southwest direction were abruptly ejected outward, simul- 
taneous with the sudden enhancement of the flare core emis- 
sion. This is also evident from the difference images. In this 
stage, the envelope fields of the bipole appeared to be blown 
by the twisted flux rope as a result of the reconnection among 
the sigmoidal field. In the end they gradually close back to 
form a long-duration bright arcade. 

A noteworthy finding here is the flare core brightening in 
stage 1. This implies that the magnetic reconnection in the 
sigmoid core occurred well before the rising motion of the 
flux rope in stage 2. This timing rules out the hypothesis that 
the flux rope rises due to a loss of equilibrium and then causes 
a magnetic reconnection behind. We also note that no re- 
mote brightenings are seen around this isolated simple bipolar 
region and therefore the external tether-cutting reconnection 
mechanism, i.e., the magnetic break-out model can also be 
rejected (see related discussions in MS06). The above obser- 
vation can be explained by the internal tether-cutting model, 
in which the magnetic reconnection starts first in the sigmoid 
core to cut out the tethers (field lines tied to the photosphere) 
by the amount enough to allow the flux rope to rise upward. 
Then the magnetic pressure of the expanding flux rope works 
as the driver of the eruption (MS06). 

As to how the reconnection between the sheared sigmoid 
legs in the core field start in the first place, |MS06| proposes 
that photospheric flows can slowly push them together to form 
the current sheet needed for reconnection onset. This kind of 
lo ng-term converging flows are indeed detected for this event 
by lYurchyshyn et aH (i2006b) . Detailed study of the reconnec- 
tion initiation is however out of the scope of this paper 

3.2. Filament, CME, and Coronal Dimming 

We show in Figure[3]a sequence of Ha images co-temporal 
with the first two stages of the evolution in SXR as well as 
in the preflare and postflare stages. There was an extended 
inverse S-shaped chromospheric filament running along the 
PIL, which is associated with the preflare EUV/SXR sigmoid. 
Prior to the eruption, it is noticeable that the filament became 
darker and bigger (c.f. images at 15:45 and 16:05 UT). During 
the early development of the Ha ribbons (~ 16: 1 8-16:35 UT), 
the filament appeared mostly undisturbed. This is best seen in 
16:27 UT when the flare ribbons already formed while the fil- 
ament remained almost the same as in 16:05 UT. Afterwards, 
during the flare impulsive phase, the northern part of the fil- 
ament moved upward then fell back, and other parts briefly 
disappeared from the field of view possibly due to flare heat- 
ing. Later on, most parts of the filament re-appeared in the 
postflare stage (see images at 18:08 and 20:45 UT). Accord- 
ing to Ha data, we hence conclude that the filament between 
the flare ribbons was overall undisrupted or may erupt only 
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Fig. 3. — BBSO high-resolution Ho images co-temporal with the first two 
stages of the evolution in SXR (see Fig|2) as well as in the preflare and post- 
flare status, showing the overall undisrupted filament between flare ribbons. 



partially. We also note another filament in the southern field 
of view of Figure[3]that erupted after the flare peak. However, 
it is not associated with the flare PIL and its eruption was most 
likely resulted from the flare disturbance. 

In fact, it has been found that although the sigmoid-to- 
arcade transformation indicates a catastrophic perturbation 
in the corona, the active region filament lying below the 
sigmoid often shows no significant changes throughout the 
flare/CME event ( Pev tsovll2002l) and may erupt only partially 
(iGibson & Fan ,2006i. and references therein). A simple ex- 
planation is that the low lying loops resulting from the sig- 
moid core reconnection protect the filament from a disrup- 
tion (Pevtsov 2002) unlike the classical flare models (e.g., 
Kopp & Pneuman 1976), in which erupting filament serves as 
the trigger The presence of non-erupting filaments in the core 
of this active region supplies another evidence for the internal 
tether-cutting reconnection beginning early in the eruption. 

As there is no noticeable filament eruption, it is appropriate 
to infer that the CME associated with this event represents a 
flux rope system resulting from the flare core reconnection as 
in Moore's model. Figure|4]shows the development of the de- 
tected full-halo CME, which was first seen in C2 at 17:22 UT 
already half way across the C2 field of view and completely 
surrounded the C2 occulter The C3 image taken at 17:42 UT 
also shows a very symrn etric and bright halo (see Fig. 8 of 
lYurchvshvn et alj|2006bh . There are three C3 partial frames 
at 17:30, 17:40, and 17:50 UT, which we also used to mea- 
sure the CME propagation speed. The outermost part of the 
CME diffuse front (CME leading edge) was measured at the 
position angle of ^^180°, and the maximum intensity gradient 
was found at a position angle of ^238°, where the CME flank 
interacted with the southwestern streamer (see the preflare C2 
image at 16:52 UT). The traced positions are pointed to with 
arrows, from which we found the average speed of the CME 
leading edge and flank to be ~ 1600 km s"' and ~ 1 100 km s"' , 
respectively. Similar diffuse a rc in front of the main CME 
was also reported before (e.g.. iGary et alJfl982h . Note that 
the LASCO Web site reports flie speed of this CME to be 
^1689 km s"' at the position angle of 2°, which is very sim- 
ilar to our result for the southern diffuse front and thus might 
be the speed of the northern diffuse front that can also be seen 
in the full frame LASCO images. We remark, however, that 
the LASCO Web site only measures two frames and one of 
them, the C3 image at 17:12 UT, barely shows the CME. 

We looked for a coronal dimming, an important signature 
of CMEs (see, e.g.. [Thompson et allllOOOl) . using EIT 195 A 
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Fig. 4. — LASCO images showing the evolution of the halo CME associated with the 2005 May 13 M8.0 flare. The preflare C2 image at 16:52 UT shows 
several streamer structure with the strongest one lying in the southwest. 17:22 UT C2 and 17:42 UT C3 are full-frame images, while C3 images at 17:30, 17:40, 
and 17:50 UT are partial-frame. The evolution of the outermost part of the CME diffuse front (CME leading edge) and the CME flank (where the CME interacts 
with the southwestern streamer and the intensity gradient is maximum) are both measured (marked by arrows), at measured position angles (MPA) of ~180° and 
~238°, respectively. The top middle panel is the SOHO EIT 195 A difference image showing the twin dimmings after the launch of the CME. 



images. The difference image between just before and af- 
ter the flare impulsive phase at 16:37 and 16:57 UT, respec- 
tively, is shown in the middle upper panel in Figure |4] We 
found two regions of strong dimmings that lie on opposite 
ends of the PIL, extending toward northeast and southwest. 
These dimmings can be naturally explained by the depletion 
of coronal material due to eruption of the sigmoidal fields fol- 
lowing the Moore's model. This kind of so-called twin dim- 
mings has been only occasionally observed in EIT (see, e.g., 
[Thompson et al. 1998). In this case, the twin dimmings were 
not transient, but sustained after the eruption, as we can tell by 
comparing all the other postflare EIT images (17:07, 17:27, 
and 17:37 UT) with the preflare image. By 22:57 UT (EIT 
195 A data has a gap between 17:37 and 22:57 UT), the south- 
western dimming region akeady developed into an elongated 
trans-equatorial coronal hole. 

3.3. Radio Signatures 
3.3.1. Type II and III Bursts 

It has been well known that type II radio bursts are the man- 
ifestation of shock waves in the solar corona, usually associ- 
ated with either large flares or fast CMEs (iNelson & Melros9 
Il985h . We thus studied type II burst in this event to infer the 
evolution of the ejecting flux rope. We show, in Figure |5] the 
GBSRBS radio spectra along with the X-ray light curves for 
this event, in which a fast decametric type II burst is clearly 
seen. We mark the fundamental and harmonic emissions with 
dotted lines in the bottom panel. The type II burst began at 
~16:41:30 UT with starting frequency ~50 MHz (harmonic 
lane) and was preceded by a type III radio burst, which is 
conventionally interpreted as accelerated electrons escaping 
along open field lines. The occurrence of the type II and 
type III radio bursts are almost simultaneous with the peak of 
RHESSI 25-100 keV HXR emissions at ~16:42 UT (second 
panel). The harmonic lane of the type II burst and the type 
III burst were also recorded by the dynamic spectrum from 
Potsdam in the 40-90 MHz band. In order to determine the 
speed of type II radio burst, we need to convert the frequency 
drift seen in the spectrograph to the trajectory of the type II 



source using a coronal electron density mo del. It has been 
suggested that the one-fold Newkirk model ( lNewkirklll961h 
well represen ts the density in the inner corona and that the 
Mann model dMann e t al." 1999) is better at coronal heights 
greater than 1.8 fWarmuth & Mann 2005). We followed 
this suggestion to estimate the speed of the type II radio burst 
to be ^^1200 km s"', and the formation height of the metric 
type II precursor (discussed next in § 3.3.2) in this event to be 
-0.9-1.7 X 10^ km (see FigureH). 

3.3.2. Type II Precursors 

A remarkable feature at the very beginning of this flare is 
the radio bursts in the ^^200-300 MHz frequency range at 
16:33:30-16:34:30 UT as detected in the Potsdam radiospec- 
trogram (Fig. |5] the fourth panel). These fast drift bursts or 
puls ations are a type of radio emission called type II precur- 
sor (iKlassen et alJll999h . In this event they are concurrent 
with the earliest energy release at —16:32-16:35 UT (traced 
here by the temporal derivative of the SXR light curve drawn 
as gray curve in top row of Fig. |5]l and the onset of the SXR 
loop expansion (see § 3.1.2). We suggest in § 4 based on the 
similar timing that the observed type II precursor might be 
the radio signature of the ejective eruption manifested by the 
expansion/rising of the sigmoid elbows. 

3.3.3. Drifting Pulsating Structures 

At 16:37:15-16:41:00 UT in the 0.8-1.4 GHz range two 
weak narrowband drifting pulsating structures (DPS) were ob- 
served by the Ondfejov spectrograph (see Fig. |6]l. Their fre- 
quency drift rate was about — -2.5 MHz s"'. These DPSs 
were observed during the rapid rising phase of the HXR emis- 
sion, therefore they may represent the radio emission from 
ejected plasmoids f ormed during the fl are reconnection pro- 
cess as proposed bv lKhem etaU ( 120001) and lKarlick?! (|20Q4D. 

In the postflai-e phase (16:58-17:12 UT), the 1.0-2.0 GHz 
range broadband DPS was observed by Ondfejov (see Fig.|5] 
third panel) and OVSA, and can be associated with the post- 
flare growing loop system dSvestka et al.lll987i) . In this event, 
the emission frequency of postflare DPS drifts at a rate — 
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Fig. 5. — Top panel: Time evolution of the GOES X-ray fluxes and the 
time derivative of the 1.6 keV band. Second panel: RHESSI photon rates 
binned into 4 s intervals. The 25-50 and 50-100 keV rates are times 20 and 
60, respectively, for a clearer representation. The time intervals e-h divided 
by the vertical lines are for RHESSI images shown in Fig. [8] The attenuator 
status for RHESSI switched between Al and A3 during the observation pe- 
liod. "N" and "S" denote the time period of RHESSI night and south Atlantic 
anomaly, respectively. Third to bottom panels: Radio spectrum observed by 
Ondi^ejov, Potsdam, and GBSRBS, respectively. Note the broadband DPS at 
16:58-17:12 UT in the 1.0-2.0 GHz range, the concuiTent decametric type 
IV burst in the 20-50 MHz range, and the metric type II precursor ("T2P") 
around 16:34 UT in the 200-300 MHz range. Fundamental ("F") and har- 
monic ("H") components of the type II emissions detected by GBSRBS are 
depicted by the dotted lines. 




16:37 163S 1639 16)*0 16)t1 

Ttvit [UT], Uaj- 1 3, 2»! 

Fig. 6. — A detailed view of the Ondi'^ejov radiospectrograph showing the 
narrowband DPSs in 0.8-1.4 GHz at 16:37:15-16:41:00 UT. 

-1.2 MHz s"' and it consists of several strong pulses with 
the characteristic period of about 90 s, which might indicate 
an oscillation of the postflare loops. Namely, this radio emis- 
sion is probably generated by plasma emission processes at 
the top of the growing postflare loop system while there is 
still a slow reconnection above t he postflare loops to inject the 
radio emitting particles (see e.g. jAkimov et al.ll996l) . The ra- 
dio drift toward lower frequencies is then explicable in terms 
of the decreasing electron den sity at the top of this loop with 
time. The termination shock ( Aurass & Mannl2004 ') may also 
be present at the top of this loop system and contribute to the 
radio emission. We also note the concurrent decametric type 
IV burst as seen in GBSRBS data, and we speculate its source 
to be located well above the top of the postflare arcades, pos- 
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Fig. 7. — Separation of flare ribbons from 16:29 to 17:00 UT observed 
in TRACE 1600 A (color-coded areas). The gray background is a preflare 
TRACE 171 A image at 16:08 UT showing the sigmoidal fields. The white 
dashed line is the PIL. Same marks of a-d as in Fig.[T]are used to denote the 
initial four flare ribbons. 



sibly in the upper part of the reconnecting current sheet. 

3.4. Dynamics of Chromo spheric Flare Emissions 
3.4.1. UV Ribbon Motion 

Recently many studies were made to use flare ribbon sepa- 
ration motion as a measu re for the magnetic reconnection in 
corona dSaba et aLll2006l and references therein). It is also 
shown that the magnetic reconnection rate derived i n this way 
timely correlates with the flux rope evolution (e.g., Oiu et alj 
I2OOI . For the purpose of our sigmoid study, MS06 depicts 
the Moore's model by dividing the eruption process into two 
phases of "slow runaway reconnection" and "explosive recon- 
nection" based on how fast the reconnection is, although there 
is no necessary different physics between them. Thus there is 
a need to quantitatively characterize the reconnection process. 

We use the approach mentioned above, in which the change 
rate of the magnetic flux in the chromospheric ribbon area, 
R = d^/dt, is measured and then regarded as equivalent to 
the rate at which magnetic flux is brought into the magnetic 
reconnection region in the corona. In this event the flare rib- 
bon motion is clearly seen in TRACE 1600 A images, and 
we measure the ribbon area in every 15 s while the original 
TRACE data have 3 s cadence with some time gaps. We reg- 
istered the successive flare ribbon position onto the co-aligned 
magnetogram and fol lowed the intensit y-based binary masks 
method presented by ISaba et al.l (l2006l) to determine R. The 
intensity threshold was set to a value of 5000 for easy de- 
tection of ribbon separation motion. This specific threshold 
value does not affect the overall timing (e.g., the peak time) 
of the derived R. 

We depict the separation motion of the flare ribbons from 
^16:29-17:00 UT as color-coded areas in Figure |7] (note the 
earliest flare brightenings in TRACE 1600 A can be seen at 
^^16:20 UT). The flare brightenings are clearly seen lying at 
the foot of the sigmoidal fields as four flare ribbons marked 
as a-d (same marks as in Fig. [T] also c.f. Fig. O. Later on. 
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two main separating ribbons can be seen away from the PIL. 
This progression from four to two chromospheric ribbons vig- 
orously implies that the eruption was initiated by the inter- 
nal rec onnection between the sigmoid elbows as elaborated in 
IMS06. 

We plot the resulting R in both the positive and negative 
magnetic fields as a function of time in Figure |9] (middle 
panel). In our result the flux change in two polarities are well 
balanced and R reaches its maximum at ^5.1 x 10'** Mx s"'. 
We therefore can infer that the flux rope expansion/rising 
phase between ^^16:29-16:39 UT (see in § 3.1.2) correspond 
to the "slow runaway reconnection" with increasing R, while 
the "explosive reconnection" occurs near the flare peak with 
the maximum R. 

After time integration of R, the total amount of magnetic 
flux participating in the reconnection is ~3.4 x 10^' Mx. We 
note that t his value is about two ti mes smaller than that re- 
ported by Oiu & Yurchvshviil (12005 ), in which 1 minute ca- 
dence Ha images were used. We attribute the difference 
mainly to the higher cadence TRACE UV data used in the 
present study and the different threshold value set to define 
the newly brightened flare patches. We also found that the 
magnetic flux reconnection rate is temporally correlated with 
both the HXR light curves and the time derivative of the 
SXR light curves, the signatures of nonthermal flare emis- 
sions. This coincidence is theoretically expected under the 
standard magnetic reco nnection in bipolar magnetic structure 
dPriest & Forbesll2002l) . 

It is, however, worth mentioning that the flare ribbons in the 
positive magnetic polarity actually broke into two parts, with 
the shorter one along the kink seen in the southwest end of 
the PIL, which was included in the early brightening in SXR 
in the sheared core filed (see Figl2]i. Inspection of MDI mag- 
netogram shows that this PIL kink is a persistent feature ex- 
isted long before the flare. There was also no rapidly emerg- 
ing magnetic flux reported to be associated with this event 
dYurchyshyn et al.ll2006bt) . Hence it is unlikely that this mag- 
netic kink is related to the initiation of the eruption. More 
complicated three-dimensional magnetic field structure must 
be involved in producing flare emissions in this kinked region, 
which we did not incorporate into the tether-cutting scenario 
of this event (see FigfTOll. 

3.4.2. HXR Emissions 

Study the high energy release during flare process is an- 
other important approach to probe the reconnection process. 
RHESSI has an almost complete coverage of the impulsive 
phase of this event. We chose four one-minute time inter- 
vals (e-h as denoted in Fig. |5] second panel) and recon- 
structed RHESSI images with the CLEAN algorithm using 
grids 1-9 with the natural weighting scheme, which gives 
-5.9" FWHM resolution. Figure H] shows the RHESSI 25- 
100 keV maps superposed with contours at fixed photon flux 
levels and those outlining TRACE UV ribbons. In the rise and 
maximum phase (intervals e-f), the HXR emissions appear as 
point-like compact sources located within the flare ribbons. 
After the flare maximum (intervals g-h), the HXR sources, 
however, become elongated to form a ribbon structure. The 
ribbo n-like HXR sources are rarely reported in the past ex- 
cept Masu da et alj (1200 ll) . The aforementioned footpoint-to- 
ribbon evolution of HXR emissions is more evident for the 
much stronger eastern HXR sources. 

We found four HXR kernels in the flare maximum time with 
field strengths about 2-3 times larger than that of the other 
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Fig. 8. — A time sequence of RHESSI 25-100 keV HXR images integrated 
in tlie one-minute time intervals e-li (denoted in Fig. |5]second panel). Each 
RHESSI image was reconstructed with the CLEAN algorithm using grids 
1-9 with the natural weighting scheme (giving '^5.9" FWHM resolution). 
The peak flux in each image is labeled and the green contours show flux at 
levels of 0.11, 0.13, and 0.15 photons cm"- s"' arcsec"-. The white contours 
outline the TRACE 1600 A ribbons taken near the center of each RHESSI 
time interval. 

part of the ribbons wit hout HXR emissions. This result agrees 
to the earlier result bv lAsai e~ al. (2002) who interpreted the 
confined HXR kernels as due to more intense energy release 
into the stronger fields of flare ribbons. However, the elon- 
gated HXR ribbon sources s een in the time interval ^ and h 
do not share this property (see lLiu et alj200'7tlJing et al.l2007l 
for more details). 

To understand why the ribbon-like HXR source appears in 
this event, we propose the following scenario based on the 
Moore's model. Until the flare maximum, the tether-cutting 
reconnection occurs between the two elbows in the middle 
of the sigmoid, during which the HXR sources can appear 
footpoint-like as usual. Although only until flare maximum 
can we resolve four HXR sources that lie at the footpoints of 
the sigmoidal loops, HXR emission should occur at the four 
footpoints of these loops at the beginning of the reconnec- 
tion when the initial four Ha ribbons appear as discussed in 
§ 3.4. 1 . This has to do with the fact that the initial flare bright- 
ening sites have weaker magnetic field meaning less HXR 
production, and RHESSI can only generate image when suf- 
ficient counts have been achieved. After the flare maximum, 
however, the magnetic envelope is blown out and the opened 
legs of the envelope will continue to reconnect back to form 
an arcade structure. The electrons accelerated in the magnetic 
arcade can bombard the chromosphere along the footpoints of 
the arcade, resulting in the ribbon-like HXR emissions. We 
therefore conclude that this seamlessly four HXR footpoints 
to two ribbon-like HXR sources transformation of the HXR 
source morphology can be another forceful indication of the 
sigmoid-to-arcade evolution of the magnetic field configura- 
tion. 

4. MAGNETIC ERUPTION 

We are now ready to quantitatively determine the rising mo- 
tion of the magnetic flux rope, although this is a disk event and 
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Fig. 9. — Top panel: Flare light curves of GOES 1-8 A channel, its time 
derivative (black line), and RHESSI 50-100 keV photon rates binned into 4 s 
intervals. Middle panel: Magnetic reconnection rate derived in positive and 
negative magnetic fields. Bottom panel: Time evolutions of the distances of 
the expanding SXR loop, the type II radio burst, and the CME. The vertical 
axis represents the projected distances from the center of the sigmoid for the 
expanding SXR loop, the distances from the photosphere calculated with the 
Mann's and Newkirk's coronal electron density model for the type II burst 
and type II precursor, respectively, and the heights of the CME front and 
flank by extrapolating a constant velocity and constant deceleration best-fit, 
respectively, back to the flare site. The size of the symbol for the metric type 
II precursor denotes its range of appeai'ance time and fomiation height. Note 
that the CME leading edge was at ^ 5.2 Rq at the time of the first LASCO 
C2 image at 17:22 UT. "Rs" represents the solar radius. 



the height of the flux rope is not directly measured. We can 
instead use the horizontal motion of the expanding elbows as 
a proxy for the height of the ascending flux rope assuming a 
spherical symmetry. The projected distance of the SXR loop 
front is measured from the expanding southwestern elbow de- 
picted in ¥\gm:e.^{cwsses) and the center of the sigmoid and 
is fitted assuming a constant acceleration. The heights of the 
decametric type II burst and the metric type II precursor are 
estimated using Mann's and Newkirk's coronal electron den- 
sity models, respectively. The best-fits of height-time data of 
the southern CME leading edge (at 180°) and flank (at 238°) 
were extrapolated back to the flare site assuming a constant 
velocity and a constant deceleration, respectively. The heights 
of the expanding SXR loop, the type II radio burst and pre- 
cursor, and the CME determined in these ways are shown in 
Figure |9| (bottom panel), in comparison with the time profile 
of the magnetic reconnection (middle panel), the light curves 
of GOES SXR flux at the 1-8 A channel, its time derivative, 
and RHESSI 50-100 keV photon rates (top panel). Based on 
these results, we finally organize the observational evidence 
for magnetic eruption to determine its kinematics as follows. 

First, the radio and soft-X ray data show that the formation 
height of the metric type II precursor is similar to the height of 
the cotemporal rising flux rope (see Fig.|9|bottom panel). It is 
thus likely that this type II precursor is driven by the moving 
X-ray loops, and therefore is a signature for the onset of shock 
formation in the low corona (see Dauphin et al..2006, and ref- 
erences therein). We however remark that the X-ray loop in 



this event moved at ^^250 km s"', which might not be high 
enough to generate the shock in the low corona ('^10^ km). 
But the velocity might have been underestimated since we 
could only measure the projected distances. As a comparison, 
type II emissions are usually associated with rapidly rising X- 
ray structure (e.g.,,Gopalswamy et al. 1997.: Klein et al. 19991 
iDauphin et alj|2006l) . ' 

Second, the decametric type II burst shows a similar height- 
time evolution to that of the southwestern CME flank, where 
it interacts with a strong streamer structure. The dense helmet 
streamer compared to the location of the southern diffusion 
front forms a low Alfvenic region as favorable for the genera- 
tion of the type II burst. This therefore suggests that the type 
II radio emission in this event was originated when the CME 
interacted with the de nse coronal stream er, as has bee n pre- 
viously reported (e.g.. Ivan d er Hoi st et al. 2002: Rei ner et alJ 
2003; Mancuso & Raymon d 2004: Cho et.al.ll2007l) . 

Third, at the flare peak (^16:42 UT), we see the maximum 
of the magnetic reconnection rate and the sudden increase of 
height of flux rope, together. We are not sure whether there 
was a true acceleration of the flux r ope, due to the d ata gap 
around this time. As a comparison, lOiu et al.1 (|2004 found 
that a maximum acceleration occurs at the time of maximum 
magnetic reconnection rate derived from the ribbon expan- 
sion, and claimed that the flux rope motion is affected by 
the magnetic field reconnection. As a support to this view, 
we have a couple of radio signatures. The DPS in the 0.8- 
1.4 GHz range during 1 6:37:15-16:41: 00 UT suggests the 
ejection of the plasmoids (lKarhckyl2004l) . and the decametric 
type III radio burst immediately preceding a decametric type 
II burst implies that the flux rope blew the envelope field in 
the upper corona. The type III burst could be generated when 
the local reconnection started between the rising flux rope and 
surrounding magnetic field (Fig.fTob). in a si milar picture pre- 
sente d in the emerging flux model of flares ( iHevvaerts et alj 
Il977h while possibly in a larger spatial scale in the present 
situation. Subsequently, the rapidly rising flux rope generated 
the type II burst and finally escaped to become the CME. 

5. SUMMARY 

In this paper, we have presented a multiwavelength study 
of the 2005 May 13 eruption of a sigmoidal active region, 
that turned out to be a set of versatile observational evidence 
for the Moore's model. While the Moore's model was origi- 
nally based on the morphological changes of SXR sigmoids, 
the present study found a variety of features observed in a 
wide range of wavelengths: SXRs, UV/EUV, HXRs, radio. 
Ha, and white-light. They allowed us to study the eruption 
process of this sigmoid in more detail than previous studies 
of sigmoids, which helped us to identify the most relevant 
triggering mechanism with less ambiguity. Our results and 
conclusions are summarized as foUows. 

1 . An important finding, in relation to the eruption onset 
mechanisms, is the earlier start of the flare brightening 
in the core of the active region than that of the rising 
motion of the flux rope. Together with other evidence 
from dynamics of filament (§ 3.2) and flare ribbons 
(§ 3.4), this clearly supports the scenario that the erup- 
tion is triggered by a runaway internal tether-cutting re- 
connection in the sigmoid core. This rejects the com- 
peting eruption mechanism that the flux rope rises due 
to a loss of equilibrium and it later induces the tether 
cutting below the flux rope. The other mechanism, the 
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IMoore & Labontd and elaborated in lMoore et alj (20010. See detailed 

discussions in § 5. 



external tether-cutting mechanism (see lMS06h is also 
rejected because no remote brightening was found in 
the vicinity of the flaring region. 

2. Although sigmoid has been well known in the SXR 
community as a special magnetic structure prone to 
magnetic eruptions, this is perhaps the first case of 
high resolution observation of a sigmoid at EUV wave- 
length. The preflare sigmoid in this event had been un- 
ambiguously observed at 1 MK TRACE 171 A Fe ix/x 
channel, 1 .5 MK EIT 195 A Fe XII channel, and 3.8 MK 
SXI polyimide thin filter position, thus confirming the 
structure visible in a wider temper ature range than pre - 
viously known (> 1.5 MK, see Sterling et all I2000I) . 
The high resolution preflare TRACE image clearly re- 
veals not only the overall sigmoid shape, but also the 
highly sheared field in the core and the envelope coro- 
nal magnetic field. We schematically draw this struc- 
ture in FigurefTOh. 

3. The subsequent evolution of the sigmoidal active region 
up to the flare maximum as seen at EUV and SXRs is in 
good agreement with the Moore's model, and we quan- 
titatively derive the magnetic reconnection rate to map 
out the slow runaway and explosive phase of the recon- 
nection process. In specific, the initial flare brightening 
occurred in the middle of the sigmoid seems to signify 
the beginning of tether-cutting reconnection (Fig.fTOb). 



Later expansion of the two elbows of the sigmoid indi- 
cates the ongoing slow runaway eruption. Finally, the 
envelope field is blown out by the explosive eruption of 
the flux rope near flare peak (Fig.fTOb). which leads to 
the long-Uved postflare reconnection and flare arcades. 

The filament was mostly not disrupted during this 
event. This implies that filament is neither the trigger 
nor essential for this kind of reconnection between sig- 
moidal loops. It is likely that the tether-cutting recon- 
nection occurred above the strands of the sheared core 
field that held the filament and the resulting loops below 
the X-point actually protected the filament from disrup- 
tion. 

The exceptional long-lived twin dimmings seen in this 
event, when placed under the context of the Moore's 
model, can be naturally explained by the eruption of the 
two magnetic elbows extending northeast and south- 
west of the active region (Fig.fTOb). 

A special feature found in the RHESSI images is the 
morphological change of HXR emissions from the typ- 
ical point-like compact sources (Fig.fTOb. c.f. Fig.lSj?- 
b) to the elongated ribbon-like source (Fig. [TOb . c.f. 
Fig. [8];-(f). We suggest that this footpoint-to-ribbon 
transformation of the HXR source is a natural outcome 
of the sigmoid-to-arcade evolution of the magnetic field 
configuration. 

For this event we have a rich collection of radio emis- 
sion features, including the type II precursors, DPS, and 
type II and III bursts. We interpret that the type II pre- 
cursors are due to a low coronal shock driven by the ris- 
ing flux rope seen at SXRs. The similar timing suggests 
that the decametric type II emission in this event oc- 
curred when the flux rope (CME) rapidly erupted near 
the flare maximum and interacted with the dense coro- 
nal streamer, which provides a con ditio n in fav or of the 
shock formation. Following Kar lickvl (|2004|) . we as- 
sociate the DPS in the 0.8-1.4 GHz with the ejection 
of the plasmoids around the flare maximum, and an- 
other broadband DPS in the 1.0-2.0 GHz range with 
the growing postflai^e arcades. 
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